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SYNTHESIS OF THE MONOCLINIC YTTRIA BY THERMAL PLASMA PROCESSING
Gerald J. Vogt

Materials Science and Technology Divisicn
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Submicron powders of monoclinic yttria were prepared by
thermal plasma processing of commercial yttria pcwder. The
starting yttria powder was vaporized in the hot tail flame
of a thermal argon plasma and the resulting vapor was
quenched with hydrogen gas to form yttria particles with a
21-nm mean diameter. The synthesis of yttria by oxidizing
yttrium carbide in the plasma was also examined. The plasma
powders were characterized by powder x-ray diffraction,
transmission electron microscopy, and differential thermal
analysis.

INTRODUCT ION

The common crystal structure of yttria is cubic with the space
group Ia3, a = i.06804 nm [1). Like the rare earth sesquioxides, yttria
can exhibit polymorphism, existing in a metastable monoclinic phase
after high pressure synthesis [2] or upon rapid solidification
processing (3-4). For the rare earth sesquioxides, lanthanum, cerium,
and praseodymium with the largest ionic radil exist as a hexagonal A
form, whereas elements samarium to dysprosium with smaller ionic radii
axhibit the cubic C form at lower temperatures and the monoclinic B form
at higher temperatures. The oxides of elements holmium to lutetium,
plus yttrium, with the smallest ionic radii commonly exhibit only the
cubic C form.

Yttria is known to retain the C form for temperatures up to 2030 K
(5], although Hoekstra and Cingerich [6) speculated sarly that yttria
may transform to the B form at temparatures near its melting point
(2710 K) [7). Tha high temperature studies by Foex and Traverse (8],
however, failed to find any evidence for a B yttria phase between 2000 K
and the melting point of yttria. Interestingly, a hexagonal phase was
observed ebove 2520 K and characterized by x-ray diffraction at 2600 K.

Rapid quenching of moltan materials can oftsn lead to retention of
a high temperature crystal phase at lower temperatures by rapidly
cooling micrcparticles without a phase transformation occurring. This
phenomenon is cormoniy observed in thermal plasma processing or
synthesis [4,9-12], where guenching rates of the process gas can range
from 10* to 108 K/s. For example, metastable phases (e.g., gamma,



delta, and theta phases of alumina) and metastable high temperature
phases (e.9., tetragonal phases of zirconia and hafnia) have been
observed by the rapid quenching of submicron particles. In this work,
plasma processing was used to prepare submicron Y203 particles of either
the B or C structure. The crystal structure and lattice constants for
the plasma powdars were investigated by powder x-ray diffraction. The
thermal stability of monoclinic yttria and the B-to—C transition
temperature range waro examined by differential tharmal analysis and by
static annealing tmests in air.

EXPERIMENTAL

Plasma ytiria was prepared from commercially available starting
powder of yttria and yttrium carbide. The starting Y20s was a -325 mesh
powder of a 99.9% purity. The starting powder was further characterized
et our laboratory, giving a BET surface area of 0.52 m2/g and a median
particle size of 23 microns with an Elzone Particle Sizer. The YC:
powcer was 99% pure, relative to rare earth metals, at a -325 mesh.
These coarse powders ware transported with an Ar/02 carrier gas aid
axially injected into the tail flame of a thermal argon plasma
[9,11,12], shown in Figure 1. The starting powders were injected into
the plasma gas at an axial point level with the lowest turr of the
prixary rf-coll. The starting powder feed rates and carrisr gas
compositions are summarized in Table 1 with the synthesis results.

The submicron powders were prepared in a plasma reactor, shcza in
Figure 1, utilizing an inductively—coupled plasma as described earlier
[9,11,12]. The plasma operating conditions are given in Table 2. After
vaporizing the starting powder in the hot tail flame, ths submicron
powders nucleated and grew in the argon process gas rapidly quenched
with a room—temperature argon/hydrogen gas stream. The quenching gas
was injecte’ using the radial injector scheme, shown in Figurs ib, witn
four orthogonal 3-mm jets positioned 18 cm below the injection point of
the reactants. The radial quenching design was used In these
experiments because it provided more efficient gas quenching than the
annular design. The reactor in Figure 1 was mounted vurtically with the
process gas flowing in the direction of gravity and wai equipped with a
trap at the bottom to collect non-vaporized particlcs. The submicron
particles after exiting the reactor were collected on wetallic filtars
downstream of the reactor and then handled in laboratory air,

The crystal structure of the plasma-produced powders was
determined by x-ray diffraction (XRD) with a Scintag FAL V
diffractometer using Cuka radiation with a graphite monochromator.
Lattice constants were determined from samples containing an internal 2-
theta standard of either silver or silicon powder. A least-squares cell
refinexent program [13) was used to index the XRD patterns and to refine
the lattice constants. The powdar morphology was examined by
transmission electron microscopy. Specific RET surface areas wars
measured by the multipoint method. The B-to—C transformation vas



examined by differential thermal analysis with a heating rate of
10°C/min in a flowing argon atmosphers.

RESULTS AND DISCUSSION

The synthesis results and physical properties of tha plasma
powders taken from the powder collector are given in Table 1. The white
yttria powder samples prep&red from starting Y203 had large surface
areas greatar than 50 m2/g; whereas, the plasma yttria from starting YC2
had a surface area near 20 m?/g. The surface arocas for powders i, 2,
and 3 correspond to a mean equivalent spherical diameters of 20, 21, and
56 nm, using a theoretical density of 5.47 g/cm® for B form yttria. The
smaller particle sizes obtained from starting Y203 compared to those
from YC2 are probably the result of less particle growth from the
yttiium vapor phase due to smaller partial pressures of yttrium—oxygen
species produced by vaporizing yttria.

A single density determination for powder 3 yielijed an
experimental density cf 4.98 g/cm?, which 1is 91.0x of the theoretical
density for monoclinic yttria. The measurement was done with an
automatic pycnometer with a helium working gas. The low result is
probably due to the presence of adsorbed water on the fine particles, as
the sample was not heated to remove adsorbed gases and vapors.

Transmission electron micrographs of the plasma yttria indicato a
generally spheroidal particles shape with some faceting, as seen in
Figure 2. The yttria powders appeared to be loosely agglomerated single
particles with little hard agglomeration, as evident by lack of bridging
or wettina at the interparticle contact points. In Figure 2a the
particle diametaers for powder 2 range from 10 to 100 nk witi) the
ms jority of particles between 10 and 50 nm. This observed size range
qualitatively agrees with the BET surface area measuremsnts.

The yield of submicron monoclinic Y203 from coarser yttria was
typically 3 to 4x of the amount of starting powder injected. Mass
balance of the powders within the reactor showed that approximately 25%
of the Y203 powder was deposited on the water-cooled reactor wall and
approximately 70% was found in plumbing and powder trap at the bottom of
the reactor. Messured BET surface areas for these two fractions wers
generally 20 and <1.0 m2/g, respectively. This observation suggested
that perhaps less than 25% of the Injected Y203 was vaporized end
recondensed 1n the argon plasma of the reactor. In order to increase
the yield of submicron monoclinic Ya20is, a nitrogen or hydrogen/argon
plasma with its far greater gas enthalpy would ba desirable to vaporize
a larger fraction of the injected yttria. However, in this work an
alternate synthesis reaction was investigated for the argon plaswsa by
preparing submicron yttria from a starting yttrium carblde powder
reacted with excess molecular oxygen.



Powder 3 in Table 1 was prepared by the plasma oxidation of
yttrium carbide. In experiment 3 oxygen levsl in the carrier gas was
approximately 120—-times greater than stoichiometric for yttria. As a
result, the conversion of carbide to oxide was essentially complete for
this reactiva carbide. The yield of submicron yttria at the filter
collector increased by ten-fold to 31%X. HOwever, as a necessary trade—
of f for a greater yileld of oxide, the starting carbide, as expected, was
far more difficult to feed at a nearly constant feed rate than the
starting commercial yttria.

The powders collected on the filters consisted largely of the
monoclinic B form of yttria with minor amounts of the C form, as seen
from the XRD patterns in Figure 3. In the XRD patterns, the cubic C
form was present primarily as a <222> shoulder peak on the monoclinic
<111> peak. The plasma yttria prepared from YC2 had a larger fraction
of cubic yttria, as evident in Figure 3. Figure 4 illustrates the
typical powder x-ray diffraction pattern for powder 2 over the 2-theta
range from 25° to 65°. The CuKa: peak positions agreed quite well with
those valuvs cderived from the previously raported crystallographic
constants [2-3].

The measured lattice constants for monoclinic vttria, space group
C2/m, are given in Table 3 with the earlier values of Hoekstra [2] and
Coutures et al. [3]. The indexed powder di‘fraction oattern for powder
3 1s given in Table 4 with the observad and fitted d-valums. The
lettice constants for powders 2 and 3 are quite consistent with each
other and with the earlier values of Hoekstra [2] and Coutures et al.
(3. Using the value for the cell volume of powder 3, the theoretical
density of monoclinic Y203 was calculated to be 5.47 g/cm® for Z = 6
(2], which 1is 8.7% greater than the theoretical density of cubic yttria
(5.03 g/cm?¥) [1].

There ars some small, but significant, differences among the
fitted values for the lattice constants, especially for the a constants,
The values for constant & in powders 2 and 3 differ by 0.025 angstrom,
whare the constant a for powder 2 1s approximately 0.i8% larger than the
a value for pcewdar 3. This difference appnars to be significant,
perhaps ropresenting a quenching or other processing effect during
particle ygrowth from a yttria starting powder. Coutures et al. [3)
observed a larger processing effect cn constant ¢ in their study of the
rapid solidifica*ion of yttria vapor onto a cold substrate. As seen in
Table 3, the value of constant ¢ was larger by 0.30 angstrom (3.5%) when
the yttria was condensed in a hydrogen atmosphers, rather than in a
nitroge:n atmosphere. They also observed in their XRD work that the
condensates obtained urder nitrogen were better crystallized than those
ovtained under hydrogen Similarly, in this work plasma powders
preparad from the carbide appeared to bo better crystallized than those
preparec¢ from the oride. Howover, the line brcadening found in the XRD
patterns for powders 1 and 2 was definitely attributable to a particle
size of fect as indicated by the large BET surface areas given in
Table 1.



The thermal stability of monoclinic yttria was examined by DTA
measurements in a flowing argon atmosphere. For a heating rate of
10 "C/min, powders 2 and 3 underwent a transformation to cubic C yttria
with the onset at approximately 1300 ¢ 25 k and ending by 1400 K; the
maximum exothermic release of heat was at approximately 1330 * 25 K.
DTA measurements of the enthalpy of transformation for powder 2 varied
from -3 to -9.3 «J/mole, although the actual value is believed to be
between -6 and -9 kJ/mole. The cause for the widely varying DTA va’ues
for the transition enthalpy is not known at this time, pending furtaer
study. From his high-pressure data, Hoekstra [2] estimated an snthalpy
change of approximately +8 kJ/mola for the C-to—8B transformation. The
complete conversion of the B form to the C form in the DTA samples was
confirmed by powder x-ray diffraction.

Monoclinic yttria will slowly transform to cubic yttria when
heated in air at temperatures just below 1300 K for a duration of
greater than one hour. Hoakstra [2] reported that cubic yttria will
appear after annealing in air at 1173 K (900°C) for several hours.
Similarly, in this work powder 2 slowly trensformed to cubic yttria at
1173 K upon annealing in air. Heating for one hour gave measurable
changes in the relative piak intensities in the powder XRD pattern. The
thermal conversion rate at 1173 K was quite slow with a significant
fraction of monoclinic yttria still present after ten hours of heating.

CONCLUSIONS

The submicron yttria pariicles were readily prepared by axially
injecting yttria and yttrium carbide with oxygen into a thermal rf-
plasma tall flame. The major crystaliine phase of these powders was the
metastable monoclinic B form commonly observed in r&re earth
sesquioxides. The monoclinic B form rapidly transformed to the common
cubic C form af*er several minutes at temperatures above 1300 X and
quite slowly, taking man: hours, at temperatures below 1300 K. The
enthalpy for the B-to-C tra~sformation was estimated to be less than
-9.3 KkJ/mole, although a precise value cotild not be dotermined by DTA
measurements.
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Table 1. Synthesis Results For Powders Collected

On Filters,
Experiment No. 1 2 3
Carrier Ar (slpm) 4.1 4.1 3.8
Carrier Oz (slpm) 0.025 0.050 2.9
Mean Feed Rate 0.56 0.67 0.186
(9/min)
Per Cent Yielde 3.5 3.2 31
BET Surface Area 55.4 52.9 19.6
(m2/9)

* Yield at filter collector relative to the
thooretical yield.

Table 2. Plasma Operating Conditions

Experiment No. 1 2 3
Plate Power (kw) 37 39 a“
Frequency (kHz) 360 357 363
Plasma Ar (sipm) 30 K} 3
Quench Ar (slpm) 6.0 5.8 8.5

Quench Hz2 (slpm) 6.1 6.1 6.1




Table 3. Lattice Constants for Monoclinic Yttria.

cell
Refsrence a b c Beta volume
(A) (A) (A) (degree) (A3)

Hoekstra (2) 13.91 3.483 8.595 100.15 409.80

Coutures (3)
(1in H2) 13.90 3.489 8.901 100.06 425 .04
(in N2) 13.90 3.485 8.598 100.11 410.03
Powder #2¢ 13.9245 3.4900 8.6127 100.20 411.94
0.0041 0.0009 0.0031 0.03 0.16
Powder #32 13,8992 3.4934 8.6118 100.27 411.44

0.0024 0.0005 0.0013 0.02 0.08

Sgstimated uncertainty from the least-squares fit are given
below the value for the lattice constants.



Table 4. Powder Diffraction Data for Monoclinic
Yttria Powder 3 with the Fitted

d-valyess .

d(obs) 1/1o h Kk 1 d(calc)

(A) (x) (A)
5.858 4 2 0 -1 5.856
3.930 7 2 0o -2 3.929
3.346 20 2 0 2 3.344
3.097 95 1 1 1 3.096
2.992 83 4 0 i 2.991
2.929 96 4 0 =2 2.928
2.824 43 0 0 K| 2.825
2.774 75 3 1 0 2.773
2.704 100 i 1 =2 2.703
2.589 4 1 1 2 2.539
2.280 18 6 0 0 2.279
2.217 9 1 1 -3 2.217
2.162 21 5 1 -1 2.161
2.120 8 0 0 4 2,118
2.095 61 3 1 -3 2.096
1.879 15 3 1 3 1.879
1.819 4 5 1 2 1.819
1.760 7 1 1 4 1.761

1.747 38 0 2 0 1.747
1.674 47 7 1 -2 1.675
1.625 34 7 1 1 1.624
1.543 14 1 1 -5 1.543
1.508 21 4 2 1 1.508
1.5u0 25 4 2 -2 1.500
1.486 12 0 2 3 1.486
1.464 8 8 0 -4 1.464

® The fitted d-velues were calculated from the
lattice constants given in Table 3.



Figure Captions.

Figure 1a. Schematic of inductively—-coupled plasma reactor used to
prepare submicron yttria powders.

Figure tb. Schematic of annular and radial quench gas injection
systems. Both quenching designs can be used with the plasma reactor.

Figure 2. Microstructure of plasma synthesized yttria powder.
Particles wera prepared from (a) micron-sized Y20s powder and from (b)
coarse YC2 powder. The particles appear to be single crystals of
roughly spherical shape.

Figure 3. XRD patterns over a 25-35° 2-theta range for (a) powder 1 and
(b) powder 3, showing the most characteristic reflections for monoclinic
B yttria. The two peaks labelled with a "C" correspond to the <222> and
<400> reflections for the cubic C phase.

Figure 4. Typical XRD powder pattern for powder 2 over a 25-65° 2-theta
range.
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